Although disinfection byproducts (DBPs) were discovered decades ago and surrogate parameters have been developed to track their precursors, the accuracy of these metrics in waters impacted by heavy rainfall events is largely unknown. We measured DBPs and their precursor surrogate parameters in a water body impacted by 28 cm of rain between 4/24/11 and 4/26/11. Raw waters collected from four locations within the water body from April to August 2011 were treated by coagulation and anion exchange. Ultraviolet absorbance at 254 nm (UV 254 ) and fluorescence excitation-emission pairs (I Ex/Em ) were measured. Excitation-emission matrices (EEMs) were processed with parallel factor (PARAFAC) analysis, which resulted in six component fluorophore groups (C1-C6), each with a maximum intensity (F MAX ). DBP formation potential (DBPFP) with free chlorine was used to assess the precursor concentrations. Chloroform (TCM) was the predominant DBP formed, and 37-63% of its precursors were removed by treatment. The trichloromethane formation potential (TCMFP)-UV 254 correlation was poor (r 2 ¼ 0.25) and adversely impacted by the influx of dissolved iron from the heavy rainfall event; in contrast, correlations with fluorescencebased metrics were strong -TCMFP-I 278/506 (r 2 ¼ 0.88) and TCMFP-C1 F MAX (r 2 ¼ 0.87)illustrating the accuracy of these precursor surrogate parameters in waters impacted by a heavy rainfall event.
INTRODUCTION
Disinfectants, such as free chlorine, react with natural organic matter (NOM) in drinking water treatment plants DWTPs, primarily because of difficulties associated with removing sufficient NOM, the primary pool of DBP precursors. DWTPs can take a two-pronged approach to curb DBPs: (1) use alternative disinfectants and/or (2) remove additional DBP precursors. This study focuses on supporting the latter approach, by developing metrics to track trihalomethane (THM) precursors. A unique aspect of this study is the focus on a water body during a period in which an extreme weather event occurredspecifically, 28 cm of rain over a 3-day period (4/24/11 to 4/26/11) in northwest Arkansas. NOM is derived from terrestrial and aquatic sources, is rich in organic carbon, and can have an array of physical and chemical properties which vary temporally (Miller & McKnight ) and spatially (Pifer et al. ) . The properties of NOM lend themselves to characterization by spectrophotometric techniques, such as UV absorbance and fluorescence. Edzwald et al. () showed that UV 254 was a strong total THM formation potential (TTHMFP) precursor surrogate parameter (e.g. r 2 > 0.9), but the correlations were slightly different for the two waters evaluated. Similarly, Singer & Chang () found a strong TTHMFP-UV 254 correlation for their study of 12 full-scale DWTPs, but these data were scattered at UV 254 values greater than 0.4 cm -1 . Specific UV 254 (SUVA 254 ), the UV 254 normalized by the dissolved organic carbon (DOC) concentration, is an intensive parameter that is useful for estimating the proportion of total carbon present as aromatic carbon in aquatic systems (Weishaar et al. ) .
Not surprisingly, therefore, DBP-SUVA 254 correlations are weak in waters over the typical range of SUVA 254 values (0.5-7 L mg -1 m -1 ) ( The objective of this study is to evaluate and compare UV-and fluorescence-based metrics as THMFP precursor surrogate parameters in a water body influenced by a heavy rainfall event. Raw waters were sampled from four DWTP intakes on Beaver Lake (Lowell, AR) between 4/11/11 and 8/4/11 to capture the impact of the 28 cm rainfall event that occurred between 4/24/11 and 4/26/11. Raw waters underwent treatment in the laboratory at pH 6, 7, and 8 with alum and MIEX ® , and UV-and fluorescencebased metrics were measured and calculated. The raw and treated waters were chlorinated in formation potential tests and DBPs were quantified. Correlations were sought between spectrophotometric surrogate parameters and TCMFP using the group of raw and treated waters, a portion of which were impacted by a heavy rainfall event.
METHODS

Sampling locations
Raw water samples (18 L each) were collected in precleaned high-density polyethylene carboys on 4/11 /11, 5/13/11, 5/31/11, 6/28/11, 7/14/11, and 8/4/11 at the intakes of the four DWTPs on Beaver Lake: Beaver Water District (BWD), Benton-Washington Regional Public Water Authority, referred to as Two Ton (TT), Carroll Boone Water District (CB), and Madison County Regional Water District (MC). An additional sample was taken at BWD on 5/6/11 to help capture the major rainfall event.
These sampling locations were selected to assess the spatial variability of DBP-precursors within Beaver Lake and determine the impact of this variability on MIEX ® treatment and DBP formation.
Water quality tests
All glassware, with the exception of volumetric flasks, was washed with a solution of tap water and Alconox detergent, rinsed multiple times with Milli-Q water (18.2 MΩ-cm), and baked for 30 min at 400 W C. Volumetric flasks and plasticware were washed with an Alconox and tap water solution, rinsed with Milli-Q water and air-dried at room temperature.
For vacuum filtration, 0.7 μm glass fiber filters (GFFs) were pre-combusted (400 W C for 30 min) and pre-rinsed with 1 L of Milli-Q water (Cory et al. ) . Therefore, in this work, dissolved natural organic matter (DOM) is operationally defined as the portion of NOM passing a 0.7 μm GFF.
These filters were used instead of the more common 
RESULTS AND DISCUSSION
Raw water parameters
The inset of Figure 1 shows a map of Beaver Lake, with 11, 5/6/13, 5/13/11, 5/31/11, 6/28/11, 7/14/11, and 8/4/11 . The impact of the heavy rainfall event was apparent at BWD and TT (at the upstream end of the lake, see inset of Figure 1) , where the raw water turbidity spiked (>120 NTU) for the samples collected on 5/6/11 and 5/13/11. In contrast, at CB (adjacent to the dam, see inset of Figure 1 ), the turbidity was less than 11 NTU for the three sampling dates after the heavy rainfall event and, at MC, only as high as 36 NTU on 5/13/11. 
Fluorescence-PARAFAC analysis
The 378 For the raw water F MAX data presented in Figure 1 and those for the MIEX ® and alum-treated waters, there were no consistent trends with sampling date or location.
As such, the following were calculated for the F MAX data and are presented in Table 3 : (1) the average contribution of each PARAFAC component to the total F MAX and Pifer & Fairey (2012) , with the exception of the turbidity data. Table 3 , negative values for the average percent removals indicate that the treatments achieved little-to-no removal.
Specific ultraviolet absorbance
UV 254 , DOC, and SUVA 254 values for the raw and MIEX ®treated samples are shown in Figure 3 as a function of sampling date and location. For BWD, SUVA 254 was highest in the 5/13/11 MIEX ® -treated samples and decreased from 6/28/11 through the remainder of the study. Similarly, for TT, SUVA 254 was high for 5/13/11 and 6/28/11 samples before decreasing in the last two sampling dates. For CB and MC, SUVA 254 was comparatively low throughout the entire study. These data show that SUVA 254 values in MIEX ® -treated samples were higher than the corresponding raw waters for BWD on 5/13/11 and TT for 5/13/11 and 6/28/11. Similar to the raw water SUVA 254 data discussed previously, the presence of dissolved iron (Figure 2) was the likely cause. MIEX ® is an anion exchange resin, therefore iron (a cation) remains in solution following MIEX ® treatment. As shown in Figure 3 , there was disproportionate removal of DOC relative to UV 254 -absorbing moieties (e.g.
DOM and iron), which produced higher SUVA 254 values following MIEX ® treatment. This is further evidence that the heavy rainfall event added dissolved iron to the BWD and TT samples and interfered with the UV 254 -based Average contribution Raw 51 ± 5 1 7 ± 2 1 3 ± 3 1 0 ± 5 9 ± 3 MIEX ® , pH 6 31 ± 7 4 ± 1 2 1 ± 4 2 5 ± 6 2 0 ± 4 MIEX ® , pH 7 33 ± 8 5 ± 2 2 1 ± 4 2 2 ± 7 1 9 ± 5 MIEX ® , pH 8 35 ± 7 5 ± 2 2 2 ± 5 2 1 ± 7 1 8 ± 4
Alum, pH 6 a 38 ± 3 8 ± 3 2 5 ± 8 1 6 ± 6 1 4 ± 4
Alum, pH 7 a 41 ± 3 1 1 ± 3 2 4 ± 7 1 2 ± 4 1 2 ± 3
Alum, pH 8 a 44 ± 3 1 4 ± 3 2 3 ± 6 9 ± 4 1 0 ± 3 measurements. These SUVA 254 data follow the trends observed in turbidity (Table 1) , further supporting the assertion that the heavy rainfall event impacted the water quality at BWD and TT more so than CB and MC. Throughout the study, the DOC values in the MIEX ® -treated samples were between 0.70 and 2.15 mg L -1 as C, indicating MIEX ® did not remove a portion of the organic carbon. The role of these compounds in DBP formation is explored in the next sections.
Disinfection byproduct formation potential
Of the eight DBPs screened, only threechloroform (TCM), dichloroacetonitrile, and bromodichloromethane (BDCM)formed consistently at detectable levels (>1 μg/L) in the raw and MIEX ® -treated samples. There were no consistent spatial or temporal trends in DBPFP, so their concentrations and percent reductions were averaged for each DBP and listed in Table 4 . As expected, TCM was the dominant DBP formed by chlorination of the raw and treated waters. The TCMFP was reduced by MIEX ® treatment (58-63% on average) and was insensitive to pH, similar to the fluorescence-PARAFAC component data (Table 3) . Interestingly, BDCM concentrations increased in several instances following MIEX ® treatment, suggesting that bromide ion leached from the resin and reacted to form bromine-substituted DBPs.
This is a potentially troubling result considering these DBPs are generally considered to be more toxic than fully chlorinated DBPs. Based on the DBP data presented in Table 4 , UV-and fluorescence-based correlations were sought with TCM only. MC is the Madison County Regional Water District.
Correlations between DBPs and DBP-precursor
properties Figure 4 shows a plot of the correlation coefficients (r 2 ) between TCMFP and I Ex/Em for each excitation and emission wavelength pair. This plot was generated using fluorescence and TCM data from the four sampling locations and four sampling dates (5/13/11, 6/28/11, 7/14/11, and 8/4/11) . Interestingly, Figure 4 Weak TCMFP correlations were determined for SUVA 254 (r 2 ¼ 0.00) and DOC (r 2 ¼ 0.23) and were not shown. It is important to note that data in Figure 5 include samples collected on 5/6/11, 5/13/11, 6/28/11, 7/14/11, and 8/4/11, a portion of which were influenced by the heavy rainfall event. In Figure 5(a) , the circled cluster of MIEX ® -treated samples (on the border of the lower 95% prediction interval)
were from BWD and TT sampled on 5/6/11 and 5/13/11, and had UV 254 values influenced by dissolved iron ( These r 2 values were determined with the group of EEMs consisting of raw, MIEX ® -treated, and alum-treated waters from BWD, TT, CB, and MC collected on 5/13/11, 6/28/11, 7/14/11, and 8/4/11. I278/506 is indicated with a circle and is the highest correlated pair (r 2 ¼ 0.88). BWD is the Beaver Water District, TT is Two Ton, CB is the Carroll-Boone Water District, and MC is the Madison County Regional Water District.
uncorrelated with TCMFP (r 2 ¼ 0.10 and 0.23, respectively), suggesting they could be impacted by the heavy rainfall event (e.g. dissolved iron). In summary, F MAX values from fluorescence-PARAFAC produced an accurate DBP-precursor surrogate parameter because the algorithm is able to differentiate between components that are strongly correlated to TCMFP (e.g. C1) without significant interferences from dissolved iron which resulted in erroneously high UV 254 values.
CONCLUSIONS
UV-and fluorescence-based metrics were compared as DBP precursor surrogate parameters at four locations within a water body between April and August 2011, during which a heavy rainfall event occurred (28 cm from April 24-26, 2011). Raw waters were treated at pH 6, 7, and 8 by alum coagulation and ion exchange with MIEX ® . Based on the results of this study, the following conclusions can be made:
• After the heavy rainfall event, the raw water turbidity increased at BWD and TT more so than at CB and MC, indicating the storm event had a larger impact on the upstream portion of the reservoir.
• High UV 254 that produced SUVA 254 values larger than 7 L mg -1 m -1 were attributed to the presence of dissolved iron from the heavy rainfall event; in contrast, the dissolved iron had no apparent impact on the fluorescence measurements.
• Fluorescence-PARAFAC analysis of the raw and treated waters revealed five meaningful component fluorophore groups: a fulvic acid-like group (C1), two humic acidlike groups (C3 and C5), a tryptophan-like group (C4), and a microbial humic-like group (C6).
• TCM was the predominant DBP formed following chlorination of the raw and treated waters; MIEX ® removed approximately 60% of TCM precursors, regardless of the treatment pH (between 6 and 8).
• UV 254 was a poor TCMFP surrogate parameter (r 2 ¼ 0.25); this was in part due to interferences in the UV 254 data produced by dissolved iron at the BWD and TT sampling locations from the heavy rainfall event.
• Fluorescence-based metrics, both from PARAFAC (F MAX ) and EEM pairs (I Ex/Em ), were strong TCM precursor surrogate parameters (r 2 ¼ 0.87 for C1 F MAX and r 2 ¼ 0.88 for I 278/506 ) for the entire dataset and were not negatively impacted by the influx of dissolved iron from the heavy rainfall event.
